Histone variants play a critical role in chromatin structure and epigenetic regulation. These "deviant" proteins have been historically considered as the evolutionary descendants of ancestral canonical histones, helping specialize the nucleosome structure during eukaryotic evolution. Such view is now challenged by 2 major observations: first, canonical histones present extremely unique features not shared with any other genes; second, histone variants are widespread across many eukaryotic groups. The present work further supports the ancestral nature of histone variants by providing the first in vivo characterization of a functional macroH2A histone (a variant long defined as a specific refinement of vertebrate chromatin) in a non-vertebrate organism (the mussel Mytilus) revealing its recruitment into heterochromatic fractions of actively proliferating tissues. Combined with in silico analyses of genomic data, these results provide evidence for the widespread presence of macroH2A in metazoan animals, as well as in the holozoan Capsaspora, supporting an evolutionary origin for this histone variant lineage before the radiation of Filozoans (including Filasterea, Choanoflagellata and Metazoa). Overall, the results presented in this work help configure a new evolutionary scenario in which histone variants, rather than modern "deviants" of canonical histones, would constitute ancient components of eukaryotic chromatin.
Introduction
In eukaryotesand in some archaebacteria the DNA is associated with histones and non-histone chromosomal proteins in a nucleoprotein complex known as chromatin, which organizes and regulates the expression of the hereditary material within the cell nucleus. Among histones, the H2A family exhibits a large number of variants, and their incorporation into nucleosomes plays a critical role in chromatin dynamics. 1, 2 The variant macroH2A stands out within this family as the most atypical histone known so far, consisting of a N-terminal H2A domain and a C-terminal non-histone domain (NHD) portion corresponding to the macro domain. 3 Overall, its size is approximately 3 times that of a canonical histone H2A. MacroH2A was first discovered more than 2 decades ago in rat liver nucleosomes, 3 with early cytological studies showing macroH2A enrichment at inactive X chromosomes (Xi) from female mammals. 4, 5 Subsequent reports have associated this variant with different heterochromatic regions of both sexual and autosomal chromosomes in vertebrates, [6] [7] [8] [9] [10] revealing a significant depletion of macroH2A content in transcribed regions of many active genes. 10, 11 Based on these observations, it was initially suggested that the major function of macroH2A was that of transcriptional repression. However, evidence has accumulated ever since indicating that macroH2A is associated to the active state of a subset of genes, 10, 12, 13 suggesting that it might play a general structural role that, if perturbed, could affect transcription.
MacroH2A displays several isoforms (Fig. 1A) . Two of them, macroH2A.1.1 and macroH2A.1.2, result from alternative splicing of the macroH2A.1 gene, 14 while macroH2A.2 is encoded by an independent gene. 5 Based on their different expression patterns during vertebrate development and their distribution across tissues, it is likely that these variants are involved in specialized functions. 5, 14, 15 Accordingly, it has been demonstrated that macroH2As can exert large positive or negative effects on gene expression, with macroH2A.1 and macroH2A.2 acting synergistically on the expression of some genes and apparently having opposing effects on others. 16, 17 The role of macroH2A in chromatin has been functionally ascribed to processes including cellular differentiation, 15, [18] [19] [20] embryo development 21 and lipid metabolism. 11, 17, 22 Additionally, deregulation in macroH2A.1 alternative splicing has been related to the metastatic transition in several types of cancer. [23] [24] [25] Several in vivo and in vitro studies indicate that macroH2A increases nucleosome stability due to the specific structural features of its H2A domain. 26, 27 It has also been shown that the structural changes resulting from the incorporation of macroH2A into nucleosomes prevent the access to chromatin by some remodeling complexes (e.g., SWI/SNF). 28 In addition, in vitro studies have demonstrated the ability of the linker domain of this histone to enhance chromatin condensation in a way that resembles histone H1 and is modulated by the macro domain. 29, 30 Interestingly, macroH2A is found in regions of chromatin that are depleted of histone H1. 26 Finally, its NHD has been shown to interact with transcription factors and complexes involved in the establishment of posttranslational modifications. 12, 28, 31, 32 For a long time macroH2A was thought to be an invention of vertebrates, culminating (together with H2A.B) the functional diversification of variants within the H2A family. [33] [34] [35] [36] The hypothetical existence of a functional invertebrate macroH2A bears 2 critical implications: first, the evolutionary origin of this variant would have to be redefined; second, the role of macroH2A in chromatin structure and epigenetic regulation would require further examination in a broader evolutionary context. Unfortunately, no conclusive experimental information is currently available for the non-vertebrate counterpart of this histone variant. The present work fills this gap by providing the first in vivo characterization of macroH2A in non-vertebrate animals. In doing so, our results shed light on the origin of this variant and its functional role in chromatin, unveiling a new evolutionary scenario in which variants, far from being "deviants," would constitute ancient components of eukaryotic chromatin.
Results
Identification and sequence characterization of mussel macroH2A gene
The complete macroH2A gene sequence obtained from the mussel Mytilus galloprovincialis (Mg) (mRNA deposited in Figure 1 . Gene organization and protein structure of the mussel macroH2A. A) Gene organization of human (Hs) and mussel (Mg) macroH2A genes (represented at an arbitrary scale for comparison purposes). Hs macroH2A.1.1 and Hs macroH2A.1.2 are splicing variants from the Hs macroH2A.1 gene. The length of exons and introns (number of nucleotides) is indicated at the corresponding positions (mE, mussel exon; hE, human exon). Exon numbering in humans was assigned after. 6 Red open boxes at 5 0 and 3 0 positions represent untranslated regions (UTRs), indicating their length in nucleotides. B) Secondary structure prediction for different macroH2A variants from metazoan animals including vertebrates and invertebrates. Red boxes and red arrows indicate the presence of a-helices and b-sheets, respectively, at the amino acid positions indicated. C) Predicted tertiary structure for Mg macroH2A [modeled using Phyre2 73 ] compared with those of human macroH2A proteins.
GenBank with accession KT894822) encompasses approximately 9,600 nucleotides and its organization consist of 7 coding exons (Fig. 1A) . The coding sequence of Mg macroH2A consists of 1,110 nucleotides encoding a 369 amino acid protein (Fig. S1 ). The similarity of Mg macroH2A with its vertebrate counterpart is further mirrored by the secondary and tertiary structures predicted based on its amino acid sequence (Fig. 1B,  1C) . Like in the case of Homo sapiens (Hs) macroH2A, Mg Figure 2 . New evolutionary context for macroH2A. Schematic macroH2A protein phylogeny (see complete tree in Fig. S3 ) illustrating the wide distribution of this histone variant across metazoans and in the holozoan Capsaspora. The progressive specialization of macroH2A is evident in vertebrates, resulting in the differentiation of macroH2A.1 (purple) and macroH2A.2 (pink), different from macroH2A from non-vertebrates (green). The taxonomic classification of the organisms represented in the tree is indicated in the right margin of the figure. The tree was rooted with the human histone H2A.Z, as it constitutes a sister monophyletic group of macroH2A within the H2A phylogeny. 34, 38 macroH2A encompasses an H2A domain (amino acids 1 to 120) displaying 58% identity with the homologous region in the canonical Mg H2A, followed by a basic linker region (amino acids 121 to 178) connecting the H2A domain with the macro domain (amino acids 179 to 369) (Fig. S1 ). As expected, the H2A domain from mussel macroH2A is more identical to its homologous region in Hs macroH2A.1 (75%) and Hs macroH2A.2 (72%) than in the canonical Mg H2A. In the case of the macro domain, Mg macroH2A shares 61% identity with Hs macroH2A.1.1, 55% with Hs macroH2A.1.2, and a 50% with Hs macroH2A.2. Lastly, the linker domain constitutes the most divergent region between Mg macroH2A and Hs macroH2A (Fig. S1 , 17% identity with Hs macroH2A.1, 8% with Hs macroH2A.2). It appears that the identity of this linker region is determined by a variable amino acid sequence with intrinsically disordered organization and a compositional enrichment in A, K, P amino acids (see Table S1 ) that are reminiscent of the C-terminal tails of H1 histones. 29, 30, 37 Despite the low levels of similarity of these linker regions, mussel and human macroH2As all retain these characteristic structural features and hence they are most likely functionally related.
A new evolutionary framework for macroH2A
The identification of Mg macroH2A in mussels suggests that the origin of this variant is older than expected, probably arising before the split between protostomes and deuterostomes early in metazoan evolution. The present work corroborates such a hypothesis by providing conclusive evidence of 176 complete and non-redundant macroH2A sequences, including 144 from deuterostomes (phyla Echinodermata, Hemichordata, and Chordata), 22 from protostomes (Platyhelminthes, Rotifera, Arthropoda, Annelida, and Mollusca), 9 from basal Metazoans (Cnidarians, Placozoas, and Poriferans) and 1 from the Holozoan Capsaspora (Table S2) . It is interesting to note that macroH2A sequences from invertebrates display conserved intron/exon structures, supporting their potential functionality ( Fig. S2 ). Additionally, while partial macroH2As were retrieved from additional protostome groups such as Ctenophores and Tardigrades, this variant is apparently absent in nematodes and some insect groups.
The new catalog of macroH2A genes provided the basis for reevaluating the evolutionary history of this lineage within the H2A family. Accordingly, molecular phylogenetic analyses support a monophyletic origin for the macroH2A lineage 36, 38 as early as before the diversification of Filozoans (including Filasterea, Choanoflagellata, and Metazoa) as suggested by the presence of macroH2A in Capsaspora (Fig. 2, Fig. S3 ). The groups defined by the tree topology allowed us to clarify the identity of 9 uncertain macroH2A sequences as either macroH2A.1 or macroH2A.2. Both vertebrate variants constitute independent monophyletic groups, mirroring the functional constraints governing their evolution. Contrary to the existence of 2 vertebrate macroH2A variants (and 2 splicing forms for macroH2A.1), the reconstructed tree revealed the presence of a single macroH2A in invertebrates, similar to the case of histone variant H2A.Z. 39 In vivo identification of mussel histone macroH2A
In order to take the study of macroH2A to a functional level, an anti-Mg macroH2A antibody (M12, Fig. S1 ) was developed in house. This antibody was used in Western blot experiments of histone extracts from species belonging to different non-vertebrate groups including cephalochordates, echinoderms, arthropods, molluscs, and cnidarians. In all instances, M12 recognized an electrophoretic band with a mobility corresponding to macroH2A ( Fig. 3 ; see Fig. S4 for full blots). The small differences in electrophoretic mobility observed in most instances, most likely reflect compositional and/or conformational differences, as the sizes of the proteins predicted from their genomic sequences are very similar. The reason for the more pronounced change in electrophoretic mobility observed in the case of the sea urchin male gonad (Fig. 3, lane 3 , Western) is a bit surprising and remains unclear at the present time. Altogether, this experiment showcased 3 major features of the M12 antibody: a) it is able to detect Mg macroH2A; b) it is also able to detect macroH2A in a wide range of non-vertebrate organisms; c) it is specific from non-vertebrates (i.e., it does not cross-react with vertebrate macroH2A).
The availability of the M12 antibody facilitated further functional analyses of this histone variant. Accordingly, macroH2A expression was studied in different tissues (including somatic and germinal) from non-vertebrate organisms and compared with the distribution of its vertebrate counterparts (Fig. 4A, 4B ). The obtained results revealed the presence of macroH2A in all tissues studied with the exception of sperm. This variant was most abundant in hepatopancreas (functions equivalent to mammalian liver and pancreas) and gonadal tissue, followed by muscle and gills, and finally by a low presence in the hemolymph (function equivalent to vertebrate blood). In germinal tissues, this macroH2A was predominantly circumscribed to male and (in a lesser extent) to female gonadal tissues. Its complete absence in mature sperm is noticeable, especially since the sperm of Mytilus, in addition to its characteristic protamine-like proteins, 40 retains approximately 20-25% of histones, among which variants are included. 38, 41, 42 Distribution and nucleosome organization of macroH2A in mussel chromatin
In order to further understand the functional role of macroH2A in mussel, its chromatin distribution was compared with that displayed by macroH2A in the mouse (vertebrate). Despite a very similar DNA partitioning in both organisms, the obtained results in mussel hepatopancreas show that macroH2A displays a predominant heterochromatin association with fractions SE and P and is present in low amounts in the fraction SI (euchromatic regions, Fig. 5A ). Although macroH2A.1.2 is also distributed in SE and P fractions in mouse liver, a large amount of this histone is also distributed in the nuclease sensitive fraction (SI). This observation contrasts with the apparently limited distribution of mouse macroH2A.2 in the P fraction, thus exhibiting a more similar pattern to that observed in mussel hepatopancreas (Fig. 5B) .
Although Mg macroH2A displayed a low hybridization signal at the SI fraction (Fig. 5A) , the high prevalence of mononucleosomes in this fraction provides an experimental basis to evaluate the recruitment of Mg macroH2A into nucleosomes. 43 Consequently, this sample was further fractionated using a sucrose gradient (Fig. 6A, 6B) , taking advantage of the high DNA content of this fraction (approximately 35% of the total nuclear content before micrococcal nuclease digestion). The samples collected along the gradient were analyzed in western blot experiments using the invertebrate-specific anti-macroH2A antibody (M12) developed in the present work (Fig. 6C) . Overall, the experimental results support the organization of Mg macroH2A into nucleosomes that, under the low ionic strength buffer conditions used in the sucrose gradient, run with a similar sedimentation coefficient as that of the canonical nucleosomes. 26 
Discussion
A new perspective on histone macroH2A origin and evolution
MacroH2A is probably the most enigmatic histone variant. Evolutionarily, it was widely accepted that this variant was circumscribed to vertebrates, contributing to the specialization in chromatin structure and epigenetic regulatory mechanisms through a subfunctionalization into macroH2A.1 and macroH2A.2. 26, 44 The present work challenges this notion by characterizing, for the first time, a macroH2A variant in non-vertebrates, as well as the widespread distribution of this variant across metazoan animals. While macroH2A sequences from non-vertebrate organisms have been included previously as part of H2A phylogenies in papers reviewing histones, their nomenclature and role in epigenetics, 33 ,34.45 these reports do not provide molecular or biochemical experimental evidence (beyond in silico analyses of molecular databases) supporting the actual existence of these genes or their protein products in vivo. Therefore, we believe our results constitute the first experimental evidence supporting the presence of functional macroH2A beyond the vertebrate realm.
The characterization of Mg macroH2A revealed a gene structure displaying a considerable number of introns (8), similar to the case of its vertebrate counterpart (9 introns in human 5 ). The nucleotide and protein sequence similarity of Mg macroH2A with its human counterpart (Hs macroH2A) mirrors its functional differentiation from the canonical H2A histone. However, contrary to the high overall similarity observed in the H2A domain and the macro domain, the L1 loop domain of macroH2A constitutes the most divergent region between both organisms. Since modifications within this domain might account for major structural and biochemical differences between canonical and macroH2A nucleosomes, 31 it would be of interest to investigate the consequences of such variation on the structure of Mg macroH2A-containing nucleosomes. 46, 47 The macroH2A lineage seems to have derived from a monophyletic origin during the evolution of the H2A family (Fig. 2) , with macro and H2A domains remaining essentially conserved, probably as a result of the structural role of the H2A domain in the assembly of the nucleosome structure. 3 The presence of macroH2A in metazoan animals and in the Holozoan Capsaspora owczarzaki suggests that this variant originated before the radiation of Filozoans (including Filasterea, Choanoflagellata, and Metazoa), therefore being much older than previously thought. The presence of macroH2A in Capsaspora is especially interesting for 2 reasons: first, the genome of this unicellular organism has been shown to contain a significant number of genes related with metazoan multicellularity 48, 49 ; second, it has been documented that macroH2A regulates transcription of genes involved in vertebrate cell-cell signaling. 10 Altogether, although this variant might be in fact involved in many other processes, it is tempting to speculate that the presence of macroH2A in this organism could have played a relevant role during the eukaryotic transition toward multicellularity.
The conservation and widespread distribution of macroH2A across vertebrate and non-vertebrate organisms also supports its functional relevance during the evolution of metazoan animals. Such a notion is further reinforced by its specialization into macroH2A.1 and macroH2A.2, 5 a process reminiscent to that observed in the H2A.Z variant (e.g., H2A.Z.1 and H2A. Z.2), another monophyletic lineage within H2A. 39, 50, 51 In both cases, the differentiation of specialized vertebrate variants is concomitant with an increase in organismal complexity, underscoring the role of these variants in refining chromatin structure and the associated epigenetic mechanisms. On the contrary, the apparent absence of macroH2A in some protostome groups (i.e., nematodes and holometabolous insects) indicates that this variant might not be indispensable for the correct development of all organisms. While such observation agrees with the lack of apparent major dysfunctionality in macroH2A.1 and macroH2A.2 knockout mice, 17 it is in sharp contrast with other studies suggesting that this variant is essential for proper embryonic development. 21 A functional perspective on macroH2A outside vertebrates Although macroH2A is conserved across metazoans, the observed differences were enough to design an anti-macroH2A antibody specific for non-vertebrate organisms (M12, Fig. S1) . Surprisingly, this antibody cross-reacts with histone H1 (Fig. S4) , a phenomenon also observed in mouse specific antimacroH2A antibodies. 15 While the significance of such crossreactivity is still unknown, it would be tempting to speculate that it arises from the compositional similarity between the Cterminal domain of histone H1 and linker domain of macroH2A. 29, 30 Interestingly, it has been shown that chromatin domains containing macroH2A nucleosomes are significantly depleted in H1. 26 Protein expression experiments (Figs. 3-4) revealed the presence of macroH2A in all tissues studied in non-vertebrate organisms except for sperm, similarly to that observed for vertebrate macroH2A.
26,52-54 Interestingly, the absence of Mg macroH2A contrasts with the presence of other variants in mussel sperm, including Mg H2A.X and Mg H2A.Z. 38 Overall, these results seem indicative of an exclusion of macroH2A from the chromatin of terminally differentiated cells in non-vertebrates. 26 The low amount of Mg macroH2A observed in hemolymph is consistent with this notion, as recent studies suggest that progenitor cells differentiate into hemocytes in the gills 55 reaching the hemolymph in a highly differentiated state. The elevated content of macroH2A in male and female gonadal tissue from nonvertebrate organisms also mirrors the distribution of macroH2A.1.2 in mouse male gonad. 15 This result is consistent with a role for this variant in cellular differentiation 15, 19, 21, 26, [56] [57] [58] and in meiosis, 26, 59 which is further supported by the presence of Mg macroH2A in gills (a tissue involved in hematopoiesis 55 ). Lastly, the high content of macroH2A in mussel hepatopancreas (liver) is also consistent with the association of vertebrate macroH2A.1 with liver and gonad, 15, 26 underscoring its involvement in the regulation of vertebrate lipid metabolism. 11, 17, 22 Altogether, the distribution of macroH2A in non-vertebrates parallels that of vertebrate macroH2A.1 and departs from that of macroH2A.2, predominantly present in kidney and significantly less abundant in liver. 5 Structurally, the association between macroH2A and heterochromatic regions 4-7,9,10,60 seems to extend also beyond vertebrates, as suggested by its presence in heterochromatincontaining fractions SE and P from mussel (Fig. 5) . However, it remains to be elucidated whether macroH2A can or cannot act as context dependent transcriptional regulator in this group, similarly to what has been recently reported for macroH2A in mammals. 61 Indeed, mammalian macroH2A.1-containing chromatin domains have been reported to invade the transcribed regions of genes involved in development and cell-cell signaling. 10 Yet, the possibility remains that this later function was acquired during the subfunctionalization leading to the differentiation of macroH2A.1 and macroH2A.2 in vertebrates. Accordingly, macroH2A.2 might have retained a predominant heterochromatic involvement, whereas the 2 macroH2A.1 isoforms (at least macroH2A1.2) might have acquired a more ambivalent regulatory role.
Conclusions
The results presented in this work suggest that macroH2A is not an exclusive refinement of vertebrate chromatin. This conclusion challenges the notion suggesting that histone variants evolved from canonical histones. Instead, it supports a conserved ancestral role for histone variant lineages, based on the widespread presence of macroH2A and other specialized variants across metazoan animals. [33] [34] [35] 45, 46, 62, 63 Under this hypothesis, canonical histones (multiple copy, intronless, non polyadenylated genes) would have derived from ancestral variants (single copy, introns, polyadenylated genes) in order to produce enough protein product during the Sphase of the cell cycle to accommodate the newly synthesized DNA into nucleosomes. Overall, the results presented in this work help to configure a new evolutionary scenario in which histone variants, rather than modern "deviants" of canonical histones, would constitute ancient components of eukaryotic chromatin.
Material and methods

Identification of the macroH2A gene in the mussel Mytilus galloprovincialis
Total RNA was extracted from male gonad from mussel using Trizol (Invitrogen, Carlsbad, CA), and rapid amplification of 3 0 and 5 0 cDNA ends (RACE) was performed using the SMARTer RACE cDNA amplification Kit from 1 mg of total RNA in the presence of 100 U of the SMARTScribe Reverse Transcriptase, following the manufacturer's instructions (Clontech, Mountain View, CA). The obtained cDNAs were used to generate the 5 0 -RACE and 3 0 -RACE fragments in standard PCR reactions, using specific primers (mH2A_Fw1, mH2A_Fw2, mH2A_Rv1 and mH2A_Rv2) based on the partial macroH2A sequences identified through BLAST in M. galloprovincialis (CHROME-VALOA 64 accession numbers: NORM_MGT_c10112 and NORM_MGC_c4031, see Table S3 ). Briefly, 40 ng of cDNA were incubated with a mix containing: 0.2 mM primers, 1.5 mM MgCl 2 and 0.4 mM dNTPs, in presence of 1 U of Taq DNA polymerase enzyme (Roche Applied Science, Penzberg, Germany). Additional primers (mH2A_Full_Fw and mH2A_-Full_Rv) were designed based on RACE sequences in order to obtain the complete mussel macroH2A cDNA sequence in a single reaction (see Table S3 ). The agarose gel-purified PCR product was ligated into yT&A TM Cloning Vector and transformed into ECOS TM 9-5 competent cells (Yeastern Biotech Co., Taiwan, China). Plasmid DNA was obtained from these cells using the QIAprep Spin Kit (Qiagen, Hilden, Germany) following the manufacturer's instructions and subsequently sequenced in a 3130xl sequencer (Applied Biosystems, Foster City, CA). DNA was sequenced using a CEQ8000 sequencer (Beckman Coulter Inc., Brea, CA). The obtained sequence (Mg macroH2A) was deposited in the GenBank database under the accession number KT894822.
Phylogenetic inference
A total of 176 macroH2A sequences were retrieved from molecular databases (histone database 65 and GenBank 66 as of April 2015), including 144 from deuterostomes (phyla Echinodermata, Hemichordata, and Chordata), 22 from protostomes (Platyhelminthes, Rotifera, Arthropoda, Annelida, and Mollusca), 9 from basal Metazoans (Cnidarians, Placozoas, and Poriferans) and 1 from the Holozoan Capsaspora (Table S2) . Partial macroH2As were also found in Ctenophores and Tardigrades. Sequences were aligned using the BioEdit program 67 , molecular evolutionary analyses were conducted using the program MEGA version 6, 68 and a maximum likelihood (ML) macroH2A phylogeny was reconstructed based on the H2A domain using the JTT substitution model 69 with gamma-distributed variation across sites. The reliability of the tree topology was contrasted using bootstrap analysis (1,000 replicates) and human histone H2A.Z was used as the outgroup.
39,50
Histone extraction and recombinant macroH2A from Mytilus Protein extractions were performed according to 70 from different tissues of several non-vertebrate groups, including: gills, male and female gonads, sperm, hepatopancreas, hemolymph and muscle from the mussel Mytilus californianus; larval tissue from the sea anemone Nematostella vectensis; salivary glands from the tick Amblyomma maculatum; male gonad from the sea urchin Strongylocentrotus purpuratus; whole body extract from amphioxus Branchiostoma floridae; and liver tissue from the mouse Mus musculus. Tissues were homogenized in approximately 5 volumes of 0.15 M NaCl, 10 mM Tris-HCl (pH 7.5), 0.5% (v/v) Triton X-100 buffer containing Roche Complete Protease Cocktail inhibitor (Roche Molecular Biochemicals, Laval, QC; one tablet per 100 ml) using a Dounce homogenizer. Homogenates were incubated at 4 C for 10 min and subsequently centrifuged at 4,000 £ g in Eppendorf tubes. Pellets were re-suspended in 0.1 M KCl, 50 mM Tris-HCl (pH 7.5), 1 mM MgCl 2 , incubated at 4 C for 10 min and centrifuged again at 4,000 £ g. The nuclear pellets thus obtained were homogenized in approximately 3 volumes of 0.6 N HCl and centrifuged at 8,200 £ g. The supernatant extracts were precipitated with 6 volumes of acetone at ¡20 C overnight and then centrifuged at 10,000 £ g for 10 min at 4 C. The acetone pellets were dried using a Speedvac concentrator and stored at ¡80 C until further use. Recombinant macroH2A was obtained as described elsewhere. 26 
Chromatin fractionation
Chromatin from mouse liver and mussel hepatopancreas were digested with micrococcal nuclease. In this very coarse fractionation, 71, 72 the SI (supernatant) fraction recovered immediately upon nuclease digestion contains digested DNA and nucleosomes from chromatin regions readily accessible to the nuclease (i.e., euchromatic regions). The SI fraction was subsequently fractionated further using a 5-20% sucrose gradient in 25 mM NaCl, 10 mM Tris-HCl (pH 7.5), 0.2 mM EDTA buffer run for 21 h at 96,000 £ g at 4 C. The SE (supernatant) fraction, obtained after hypotonic lysis of the pelleted nuclei, is highly enriched in facultative heterochromatin. Lastly, the P (pellet) fraction is highly heterogeneous and consists of more nuclease resilient constitutive heterochromatin and insoluble transcription factor co-activator-containing transcriptional assembly complexes from the promoter regions of active genes. 71 Preparation of anti-macroH2A antibodies specific for non-vertebrates MacroH2A protein sequences were aligned (see Table S2 ) and 2 peptides corresponding to conserved regions different from vertebrate macroH2A counterparts were synthesized and KLH coupled by GL Biochem (Shanghai) Ltd. (China): LSEKKLFLGQKM (peptide M1), located at the NHD region, and GGVLPHIHPELL (peptide M2), located at the H2A domain of macroH2A (Fig. S1) . Peptides M1 and a mixture of the 2 (M1CM2) were injected in 2 different rabbits at the animal care facility unit of the University of Victoria (Canada). Antibody specificity was tested by means of ELISA and Western blot, using a recombinant macroH2A protein from the mussel Mytilus (see above). The sera obtained from both rabbits specifically recognized macroH2A in non-vertebrates, but not the vertebrate counterpart. The second antibody (M1CM2) was used in this work due to its higher immunoreactivity.
Polyacrylamide gel electrophoresis (PAGE) and protein gel blot experiments
Fifteen per cent (w/v) polyacrylamide SDS gels 38 and native 4% (w/v) PAGE were prepared and run as described elsewhere. 38 The SDS-PAGE gels loaded with approximately 2 mg of histones were transferred onto nitrocellulose membranes at 100 V for 3 h at 4 C in 20 mM sodium phosphate (pH 6.8), 14.25% (v/v) ethanol and 0.1% (w/v) SDS transfer buffer. The membranes were blocked in PBS, 0.1% (v/v) Tween and 3% (w/v) skimmed milk at room temperature for 1 h and subsequently incubated with the primary antibody, diluted in blocking buffer, at 4 C overnight. Primary antibodies were used at the following dilutions: M12 non-vertebrate macroH2A (synthesized in the present work), 1:1,000; vertebrate macroH2A.1.2, 1:2,000 (Abcam, Cambridge, UK); vertebrate macroH2A.2, 1:500 (Abcam, Cambridge, UK); H4 histone (prepared in house), 1:10,000; and H3 histone, 1:10,000 (Sigma-Aldrich, St. Louis, MO). After incubation with the primary antibody, membranes were washed 4 times, 10 min at room temperature in PBS and 0.1% Tween. Membranes were then incubated with the secondary antibody [ECL rabbit IgG, HRP-linked whole Ab (GE Healthcare, Piscataway, NJ)] for 1 h at room temperature and at a 1:5,000 dilution (or 1:2,000 dilution for macroH2A). The secondary antibody signal was detected using Luminata Forte western HRP (Millipore, Billerica, MA).
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